Recent pieces of evidence have revealed that most, and possibly all, globular star clusters are composed of groups of stars that formed in multiple episodes with different chemical compositions. In this sense, it has also been argued that variations in the initial helium abundance (Y ) from one population to the next are also the rule, rather than the exception. In the case of the metal-intermediate globular cluster M4 (NGC 6121), recent highresolution spectroscopic observations of blue horizontal branch (HB) stars (i.e., HB stars hotter than the RR Lyrae instability strip) suggest that a large fraction of blue HB stars are second-generation stars formed with high helium abundances. In this paper, we test this scenario by using recent photometric and spectroscopic data together with theoretical evolutionary computations for different Y values. Comparing the photometric data with the theoretically-derived color-magnitude diagrams, we find that the bulk of the blue HB stars in M4 have ∆Y 0.01 with respect to the cluster's red HB stars (i.e., HB stars cooler than the RR Lyrae strip) -a result which is corroborated by comparison with spectroscopically derived gravities and temperatures, which also favor little He enhancement. However, the possible existence of a minority population on the blue HB of the cluster with a significant He enhancement level is also discussed.
INTRODUCTION
In recent years, several studies have revealed the existence of multiple stellar populations with different chemical compositions in all globular clusters (GCs) studied to date (see Gratton et al. 2012 , for a recent review and extensive references). In this context, the O-Na anticorrelation is one of the most persistent features observed in GCs, and has been (along with the Mg-Al anticorrelation) associated to different star formation episodes (e.g., Carretta et al. 2009b ). Broadly speaking, it is believed that the first generation of stars of a GC is typically O-rich and Na-poor, but after massive (Decressin et al. 2007b ) and/or intermediate-mass stars (D'Antona et al. 1983 ) eject processed material that is mixed with pristine gas, a second generation of stars is formed with an O-poor and Na-rich chemical composition (Renzini 2008; Decressin et al. 2007a; D'Ercole et al. 2008; Carretta et al. 2010; Conroy & Spergel 2011; Valcarce & Catelan 2011) . This is supported by the evidence that the O-Na anticorrelation is present down to the turn-off point and main-sequence loci (Gratton et al. 2001) , thus ruling out the possibility that these chemical patterns may be ascribed to internal mixing in the individual stars themselves.
With the discovery of the multiple main sequences in ω Centauri (NGC 5139; Bedin et al. 2004; Bellini et al. 2009 (Norris 2004; D'Antona et al. 2005; Piotto et al. 2005 Piotto et al. , 2007 , the inclusion of the initial helium abundance (Y ) as a free parameter in low-mass stellar evolutionary calculations has again become popular, since variations in the helium abundance, due to its well-known impact upon main-sequence stars (e.g., Demarque 1967; Iben & Faulkner 1968; Simoda & Iben 1968 , 1970 , can produce the observed split main sequence loci (e.g., Norris 2004; Piotto et al. 2005) . From a nuclear astrophysics perspective, such He abundance variations appear rather appealing, since the O-Na and Mg-Al variations occur naturally in the process of proton-capture nucleosynthesis, even though -importantly -the actual level of accompanying He enhancement remains unclear at present (see Catelan 2013 , for a recent review and references).
Apart from the main sequence, He abundance variations also lead to changes that can be observed along the whole color-magnitude diagram (CMD) of GCs (e.g., D'Antona et al. 2002; Valcarce et al. 2012) . One of the most important effects induced by an increase in Y is observed at the horizontal branch (HB), where -for a given increase in Y -the luminosities of red and blue HB stars (hereafter RHB and BHB stars, respectively) increase, while the luminosities of the extreme blue HB (eBHB) stars decrease. However, the level of He enrichment is not expected to be uniform all along the HB. Due to the fact that helium-rich stars evolve more rapidly than their low-Y counterparts, and thus have lower masses for a given GC age, it is expected that He-enriched stars will be located at a bluer HB location than He-"normal" ones, on average. With this in mind, chemically anomalous stars (e.g., O-poor, Na-rich, and possibly He-rich) may be located at the BHB for metal-intermediate GCs, as is predicted by the multiple formation episodes scenario. If so, and as a consequence of the significant dependence of HB luminosity on Y , these BHB stars will also be significantly brighter than the (presumably O-rich, Na-poor, He-"normal") RHB stars in the same cluster.
Even though theoretical simulations have shown that these chemical variations in the light element (e.g., O-Na and MgAl) can exist in stars formed with material previously processed by the primordial generation of stars plus pristine gas, the amount of He in these new formed stars depends on several parameters as the initial mass of the donors, the amount of pristine gas, and, if this gas is accreted from outside the GC, the time when the accretion process starts, among other factors (e.g., D'Ercole et al. 2012) . In particular, and as noted by the referee, Figure 8 in D' Ercole et al. (2012) reveals that an appropriate and dynamically reasonable combination of star formation and dilution of pristine gas with material ejected by asymptotic giant branch (AGB) and super-AGB stars allows to build up a second generation in a GC such as M4 (NGC 6121) with a small increase in helium with respect to the first generation.
Unfortunately, the initial helium abundances of most GC stars cannot be measured spectroscopically, due to the absence of photospheric helium absorption lines at temperatures lower than 8 000 K. For this reason, only the surface helium abundances of BHB and eBHB stars can be directly measured. Stars hotter than the so-called "Grundahl jump" (Grundahl et al. 1999) , however, are dramatically affected by helium diffusion (e.g., Michaud et al. 2008 , and references therein), and so only HB stars in the relatively narrow temperature range 8 000 T eff [K] 11 500 can have photospheric He abundances measured that can be more or less directly traced to the star's initial helium abundance. Even in this case, however, caution must also be exercised, since -as is well known -canonical stellar models predict an increase in the surface helium abundance (Y s ) of stars after the socalled first dredge-up episode on the red giant branch (RGB; Sweigart & Gross 1978) , which however may be partly compensated for by the action of helium diffusion on the main sequence (Proffitt & VandenBerg 1991) . Non-canonical effects (e.g., Sweigart & Mengel 1979; D'Antona & Ventura 2007) may also play a role in defining the actual difference between Y and Y s on the upper RGB and HB phases.
In the particular case of M4, a metal-intermediate GC, the chemical peculiarities observed along the RGB (Marino et al. 2008 [hereafter M08], Villanova & Geisler 2011 and references therein) and HB (Marino et al. 2011, hereafter M11) support the hypothesis of several formation episodes inside this GC. In particular, these studies associate the RHB component to the cluster's first population and the BHB component to the second one, since RHB stars are found to be O-rich and Na-poor while BHB stars are Na-rich and O-poor. What about their corresponding He abundance levels?
While it is impossible to directly measure the photospheric He abundances of RHB stars, Villanova et al. (2012, hereafter V12) have carried out high-resolution spectroscopy of M4 stars using UVES on ESO's VLT2, which allowed them to estimate photospheric helium abundances for 6 BHB stars with temperatures lower than 9 500 K. Based on those measurements, and on an analysis of the positions of the stars on a CMD, the authors have concluded that M4's BHB component has a relatively large level of He enhancement, compared with RHB stars in the same cluster -namely, ∆Y ≈ 0.02 − 0.04.
While the presence of significant He enrichment among M4's BHB stars may seem like a natural result, to some extent it may also be seen as somewhat surprising. In particular, as already stated, feasible scenarios do exist that provide but a minor level of He enhancement for M4 (D'Ercole et al. 2012) , and so a large ∆Y for this cluster is not a foregone conclusion.
Comparison with the case of M3 (NGC 5272) may also offer some hints in this regard (Catelan 2013) . M3, like M4, also possesses well-developed RHB and BHB components. Both clusters have nearly the same masses, to within the errors (McLaughlin & van der Marel 2005) , and the difference in metallicity between them does not exceed 0.4 dex (Carretta et al. 2009a ). Yet, according to the high-resolution spectroscopic measurements carried out by Sneden et al. (2004) for a large sample of RGB stars in M3, this cluster -unlike M4 -contains a substantial population of "super-oxygen-poor" stars, i.e., stars which have undergone very extensive levels of oxygen processing, as revealed by their [O/Fe] < 0. One consequence of this fact is that the interquartile range (IQR) of the [Na/O] distribution is significantly higher in M3 than it is in M4 (i.e., 0.599 vs. 0.373; Gratton et al. 2010) . Gratton et al. (2010, their Fig. 28) have recently suggested a possible correlation between the level of He enhancement ∆Y and the IQR parameter, in the sense that GCs with lower IQR values should have smaller ∆Y . Therefore, the measured light-element abundance patterns would favor a lower ∆Y for M4 than for M3.
What constraints does this set on the absolute ∆Y values for M4? For M3, according to Catelan et al. (2009, hereafter C09) , the level of He enhancement is at most very modest, namely ∆Y 0.01 -except perhaps for the hottest < 5% among M3's HB stars. 6 Since the above arguments suggest that ∆Y (M4) < ∆Y (M3), we face the conclusion that ∆Y for M4 stars should likely be < 0.01 as well. This is clearly in conflict with the V12 spectroscopic measurements. Figure 1 shows the chemical yields of single-mass AGB stars (from Ventura & D'Antona 2009), which have been suggested as potential contaminants. This figure suggests that AGB stars that contribute to a super-oxygen-poor population at the metallicity of M3 may indeed supply more He to the medium than AGB stars that contribute to an M4-like stellar population lacking super-oxygen-poor stars. While suggestive, this diagram is not conclusive by itself: obviously, it is very unlikely that single-mass AGB stars are solely responsible for the formation of a second generation of stars. Instead, in realistic chemical evolution calculations, AGB stars covering a mass range which depends on the time scale of formation of the second generation should be considered, in addition to proper dilution levels. In other words, in order to conclusively establish, in any theoretical framework, what the actual level of He enhancement in either M3 or M4 may have been, detailed models of the chemical and dynamical evolution of each cluster should be computed (see, e.g., D 'Ercole et al. 2012) . In this sense, as already stated, feasible scenarios do exist that provide but a minor level of He enhancement for M4 (D'Ercole et al. 2012) . Thus, given the available evidence, it may seem difficult to accommodate the larger ∆Y level among M4's BHB stars suggested by V12. Therefore, independently verifying their spectroscopic results could be a worthwhile exercise. The purpose of this paper is accordingly to place independent constraints on the level of He enhancement among M4's BHB stars. We use a method similar to the one used in C09 in the case of M3, where evolutionary loci computed for different Y values were compared against high-precision photometric and spectroscopic observations to test for the presence of stellar populations with different helium abundances. This paper is structured as follows. The details of the photometric and spectroscopic data used in our work are given in Sect. 2. In Sect. 3, our theoretical evolutionary sequences are described. Our results are presented in Sect. 4. Finally, our main conclusions are summarized in Sect. 5.
OBSERVATIONAL DATA
The photometry used in this paper is the same one as obtained in Alonso-García et al. (2012) for M4. This is based on observations done with the Inamori Magellan Areal Camera and Spectrograph (IMACS) in imaging mode on the 6.5m Baade Magellan telescope, and, for the central region of the cluster, on data obtained with the Advanced Camera for Surveys (ACS) camera aboard the Hubble Space Telescope. The photometry has been corrected for differential extinction with a dereddening technique that uses a non-parametric approximation to smooth the information about the reddening in the field provided by every star that belongs to the cluster (Alonso-García et al. 2011 ). This technique was successfully applied to a sample of 25 inner Galactic globular clusters in Alonso-García et al. (2012) .
We also use the surface gravities (g), effective temperatures (T eff ), and chemical abundances of the HB stars in M4, as obtained by M11 and V12. The theoretical models used in this work were obtained using the Princeton-Goddard-PUC (PGPUC) code and PG-PUC Online database (Valcarce et al. 2012). 7 In particular, zero-age HB (ZAHB) loci were created using the PG-PUC Online tool for an α-element enhancement level given by [α/Fe] = +0.3, a value typical of globular cluster stars (Gratton et al. 2004 ) and close to that favored by M08 for M4, namely [α/Fe] = +0.39 ± 0.05. Two heavy-elements abundances of Z = 0.0025 and 0.0017 were considered, in addition to seven initial helium abundances from Y = 0.23 to 0.29 in steps of ∆Y = 0.01, for a representative age of 13 Gyr (e.g., Dotter et al. 2010; VandenBerg et al. 2013 ). In addition, using the same web tool, isochrones were created for an age of 13 Gyr, both aforementioned metallicities, and Y = 0.245. These theoretical models were transformed to the JohnsonCousins BV I passband using the bolometric corrections (BCs) and color indices from Castelli & Kurucz (2003) .
THEORETICAL MODELS
In addition to the aforementioned isochrones and ZAHB loci, full-fledged HB tracks were also computed with PG-PUC, assuming Z = 0.0025, three initial helium abundances (Y = 0.24, 0.28, and 0.32), and the corresponding helium core masses (see Table 2 ). Based on these tracks, reference evolutionary loci were then computed as in C09, namely the middle-age HB (MAHB) and the 90%-age HB (90AHB) loci (corresponding to the locus in the CMD occupied by model HB stars which have already lived 50% and 90% of their total HB lifetimes, respectively), and the terminal-age HB (TAHB) locus (corresponding to the core He exhaustion locus). One should accordingly expect to find of order 50% of all HB stars between the ZAHB and MAHB loci, 90% of all HB stars between the ZAHB and 90AHB loci, and 100% between the ZAHB and the TAHB. The effects of different metallicities and initial helium abundances upon the ZAHB, 90AHB, and TAHB loci in the color-magnitude and in the theoretical log glog T eff diagrams were already discussed in C09.
While the present study was carried out using PGPUC models, we have checked that essentially the same results are recovered using the models from the BaSTI database (Pietrinferni et al. 2004 ). This is not unexpected, since comparisons between the results of PGPUC and those of other widely used codes, as carried out in Valcarce et al. (2012) , do not reveal large differences that might affect any of the conclusions of our paper. M4 has an iron abundance with respect to the Sun of [Fe/H] = −1.06 ± 0.01 dex (M08, M11, V12), and no evidence of a spread in this element or overall metallicity Z (Carretta et al. 2009a ). Therefore, we are justified in comparing observations of the cluster with models computed for a single Z value. This comparison is carried out in Figure 2 , where we zoom in around the Hesensitive HB region. In this figure, the displayed isochrones and ZAHB/MAHB/90AHB/TAHB loci are characterized by a metallicity Z = 2.5 × 10 −3 , initial He abundance Y = 0.240 (corresponding to Y s = 0.255 on the HB phase), and an age of 13 Gyr (corresponding to an HB progenitor mass of 0.849 M ⊙ ).
8 This figure also shows some of the HB evolutionary tracks (gray lines) used for creating the ZAHB/MAHB/90AHB/TAHB evolutionary loci. As clearly shown by the figure, virtually all HB stars have luminosities between the theoretical ZAHB and 90AHB loci, in agreement with the theoretical predictions for a stellar population with a single metallicity Z and He abundance Y .
The distance modulus for each filter is selected according to the normalized fraction of stars at different evolutionary phases. This method is shown in Figure 3 , where the criteria for the choice of each distance modulus depends exclusively on the RHB stellar population. First, the normalized fraction of RHB stars is calculated in each evolutionary phase for different distance moduli (upper panels). Since photometric errors can induce variations in those fractions, we consider at the same time the normalized fraction of stars being i) fainter than the MAHB (thin black lines), ii) between the MAHB and the TAHB (magenta lines), and iii) fainter than the TAHB (bold black lines). The corresponding normalized fractions should be around 50%, 50%, and 100% for each of these three ranges, respectively (note that all these loci are for Y = 0.240).
Finally, we visually inspect the results (bottom panels in Fig. 3) , in order to ensure that the procedure just described produced a reasonable description of the data. As a final result, the individual estimation of the distance modulus for each filter (vertical dotted lines) gives results that are fully consistent with (m − M) 0 = 12.77 mag, as used to set the position of the ZAHB loci (red continuous lines) in the bottom panels of Figure 3 . In the middle panels of Fig. 3 the same exercise was done using only the BHB stars, giving always a distance modulus that is smaller than the one obtained with RHB stars. This can be seen in the bottom panels of this figure, where the position of the ZAHB loci with Y = 0.240 using the distance modulus according to the normalized fraction of BHB stars (red dashed lines) is almost the same as the position of the ZAHB loci for Y = 0.250 but using the distance modulus according to the normalized fraction of RHB stars. This suggests that M4 BHB stars are on average more He-rich compared to RHB stars, but by no more than ∆Y ≃ 0.01. If indeed there is a population of helium-enriched stars occupying M4's BHB, it must however be mixed with a population of helium-normal stars, since not all BHB stars are brighter than the ZAHB locus for Y = 0.250.
A further check for the presence of an internal variation in the He abundance is carried out in Figure 4 (left panels), where we compare ZAHB loci for different Y values with the observations. In the left panels of this figure, we com- Figure 2) . Upper and middle panels show the normalized fractions for stars with (V − I) 0 > 0.9 (RHB stars) and (V − I) 0 < 0.9 (BHB stars), respectively, for filters B (left panels), V (middle panels), and I (right panels). Color lines represent the normalized fraction of stars being: i) fainter than the ZAHB locus (red lines), ii) between the ZAHB and MAHB loci (blue lines), iii) between the MAHB and 90AHB loci (magenta lines), iv) between the 90AHB and TAHB loci (cyan lines), v) brighter than the TAHB locus (green lines), vi) fainter than the MAHB locus (thin black lines), and vii) fainter than the 90AHB locus (bold black lines). Vertical dotted lines represent the distance modulus used in this paper for each filter selected according to the RHB population. Vertical dashed line represent the distance modulus that should be selected if only BHB stars are considered. Bottom panels: M4 CMD around the ZAHB locus. Continuous lines represent the ZAHB loci for Y = 0.24 (red line) and 0.25 (blue line) using the distance modulus obtained from RHB stars. Dashed red lines represent the ZAHB loci for Y = 0.24 using the distance modulus obtained from BHB stars. pare the photometric results with the theoretical ZAHB loci with Z = 2.5 × 10 −3 and helium abundances from Y = 0.23 to 0.29, at intervals of ∆Y = 0.01 (continuous red lines). TAHB, 90AHB, and MAHB are not included in these plots for clarity, except for the MAHB and 90AHB loci for Y = 0.24 (dashed blue and dotted magenta lines). As can be seen, ZAHB loci with helium abundances greater than Y = 0.27 ∼ 0.28 are brighter than the bulk of the blue HB stars in the cluster. Accordingly, it is highly unlikely that all blue HB stars in M4 are helium-enriched at this level. This can also be observed in the bottom panels of Figure 3 . Of course, since the 90AHB locus is similar in brightness to the ZAHB locus for Y = 0.29, it is possible that a few percent of the BHB stars may have an enhancement of the initial helium abundance and be confused with evolved He-"normal" BHB stars-but the latter do appear to constitute the bulk of the sample.
In Figure 8 of V12 the same kind of comparison as in our Figure 4 was carried out, using ZAHB loci for two initial helium abundances (Y = 0.24 and 0.28) and Z = 10 Clearly, if a metallicity that is too low is adopted, one is led to conclude -erroneously, in this casethat the bulk of M4's HB stars are indeed He enhanced. 9 Note, in addition, that adoption of too low a Z value does not allow one to simultaneously fit the RHB and RGB loci in the I, V − I plane (bottom right panel in Fig. 4) , as opposed to what happens when a metallicity more closely corresponding to the spectroscopic [Fe/H] value is used instead.
As a further check of these results, and again following C09, in Figure 5 we compare the spectroscopic data and theoretical predictions for BHB stars in the log g − log T eff plane. In this figure, circles and squares represent the stars studied by M11 and V12, respectively. As can be seen, 8 of the 12 BHB stars are in agreement with the theoretical predictions for a canonical helium abundance (initial Y = 0.240 and surface helium abundance at the HB Y s = 0.255), 2 stars (both from M11) have empirical g values outside the canonical limits by more than their stated 1σ errors, and 2 stars (both from V12) seem to be in an advanced evolutionary phase (i.e., over the 90AHB locus) for a canonical helium value. Alternatively, the latter two stars may correspond to a minority subpopulation with enhanced helium. However, only one of these stars (ID 45025) has all the properties that are asociated to stars with high initial-Y : high photospheric He abundance (Y V12 ), low surface gravity, high luminosities in the three filters studied here (B, V, and I, see Fig. 4 ), and high-Na and low-O abundances. As suggested by the referee, RHB stars could 9 Note, in this sense, that the C09 statement that "the exact choice of Z value is basically irrelevant for our purposes" meant that adoption of a metallicity slightly higher than favored by the spectroscopic data for M3 did not alter the conclusion that there seemed to be little evidence for He enhancement among M3's BHB stars. in principle also be included in this figure, in order to compare their surface gravities with those obtained for BHB stars and theoretical models. Unfortunately, however, these red HB stars are only studied in M11, where the log g values have an estimated error around ±0.25 dex. For this reason, it is impossible to obtain reliable information on the basis of these data alone.
Finally, it is important to note that, even though all stars in Figure 5 have Na and O abundances ([Na/Fe] ≥ 0.26 and [O/Fe] ≤ 0.29, V12 and M11) related to stars presumably formed with material processed by an older generation of stars, almost all of them have surface gravities in agreement with canonical He abundances. This suggests that there is no direct relation between the O-Na anticorrelation and different degrees of He abundances, or -perhaps more plausibly -that the degree of He enhancement among M4's HB stars is too small to be reliably detected. This is not totally unexpected, since -as pointed out by Catelan (2013) -large levels of oxygen depletion (i.e., [O/Fe] < 0) may in some cases plausibly be associated with very small levels of He enhancement. In the specific case of M4, the levels of oxygen depletion detected spectroscopically are very small indeed (i.e., no stars are known with [O/Fe] 0.2), thus making it even harder to explain the presence of significant levels of He enhancement in this cluster.
CONCLUSIONS
In this paper, the same ZAHB loci test as previously carried out in C09 for M3 has been used to check if there are stars with high initial helium abundance in the GC M4, as recently suggested.
Using the CMD of this GC together with ZAHB loci computed for the spectroscopically derived cluster metallicity, we find that, as in the case of M3, the level of He enhancement among most BHB stars in M4 is unlikely to be higher than ∆Y = 0.01. This is confirmed by the distribution of the stars in the log g − logT eff plane, although the latter in particular cannot rule out the presence of a minority subpopulation of stars with moderate levels of He enhancement being present in the cluster. Together with the fact that feasible theoretical scenarios do exist that provide but a minor level of He enhancement for M4 (D'Ercole et al. 2012 ), a reevaluation of the V12 spectroscopic He abundance measurements would probably be worthwhile.
